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EXPERIMENTAL INVESTIGATION TO VALIDATE USE OF
CRYOGENIC TEMPERATURES TO ACHIEVE HIGH REYNOLDS NUMBERS
IN BOATTAIL PRESSURE TESTING

David E. Reubush
Langley Research Center

SUMMARY

An investigation has been conducted in the Langley 1/3-meter transonic cryogenic
tunnel to validate the use of cryogenic temperatures to achieve high Reynolds numbers in
nozzle boattail pressure testing. Tests were conducted at 0° angle of attack and at Mach
numbers of 0.60, 0.85, and 0.90 on two wing-body configurations with differing boattail
geometries. Test data were obtained using two different techniques, the cryogenic method
and the conventional method, to obtain the same Reynolds number. Later, the test data
obtained from the two techniques on boattail pressure coefficient distributions and pres-
sure drag coefficients were compared; results from the comparisons show excellent
repeatability for all test conditions and indicate no measurable errors when using cryo-
genic temperatures to achieve high Reynolds numbers for nozzle boattail pressure testing.

INTRODUCTION

As part of a program to develop a comprehensive data bank on the effects of airflow
over nozzle boattails (refs. 1 to 4), an experimental investigation was conducted in the
Langley 1/3-meter transonic cryogenic tunnel to document the effects of Reynolds number
on airflow over two boattails in the presence of a wing (ref. 5). Since the investigation
employed the relatively new technique of using cryogenic nitrogen as a test medium to
achieve high Reynolds numbers (refs. 6 to 12), a secondary part of the investigation was
to validate this technique for a type of three-dimensional flow not previously studied in
the cryogenic tunnel. Data were taken at the same Reynolds number for both cryogenic
and ambient conditions, with the technique of references 9 and 10. The cryogenic (or
"cold') condition was a combination of cryogenic temperature and low stagnation pressure
to attain a particular Reynolds number; the ambient (or 'hot'") condition was a combination
of ambient stagnation temperature and a high stagnation pressure which achieved the same
Reynolds number. Since reference 5 included only a small sample of the validation results,
the purpose of this report is to document the complete results of the tests performed to
validate the cryogenic technique. Although the test results were not strictly a part of the



Reynolds number investigation, they are deemed to be of interest with regard to cryogenic
tunnel technology. ’

These tests were conducted with two 2.54-cm-diameter cone-cylinder nacelle mod-
els with a length from the nose of the cone to the start of the boattail of eight diameters.
Each of the two nacelles had a different boattail geometry: One was a circular-arc—
conic boattail (which had some separated flow at all test conditions) with a ratio of boat-
tail length to model maximum diameter 1/dy, of 0.96 and the other was a circular-arc
boattail (which had attached flow at all test conditions) with 1/dy, of 1.77. The nacelles
had provisions for mounting a 10.16-cm-span 60° delta wing on top of the nacelle in three
axial positions (with the wing trailing edge approximately at eith€r the start of the boattail,
1/2 4y, forward of the start of the boattail, or 1d,, forward of the start of the boattail).
Tests were conducted at an angle of attack of 09; Mach numbers of 0.60, 0.85, and 0.90;
stagnation pressures of 1.3 and 5.0 atm (1 atm = 101.325 kPa); and stagnation temperatures
of 117 K and 308 K. These conditions yielded Reynolds numbers of about 11.3 X 106 at
M = 0.60, 14.0 x 106 at M = 0.85, and 14.3 x 106 at M = 0.90.

SYMBOLS
A cross-sectional area
Am maximum cross-sectional area of model
AB incremental area assigned to boattail static-pressure orifice for drag
integration
Cp 8 boattail pressure drag coefficient (see section "Data Reduction')
H
- Pg ™ Py
Cp, B boattail static-pressure coefficient, q
dm maximum diameter of model
l length of boattail
M free-stream Mach number
Py free-stream total pressure

boattail static pressure



Poo free-stream static pressure

q free-stream dynamic pressure

R Reynolds number (based on length from nose of cone to start of boattail,
20.32 cm)

Tt free-stream total temperature

X axial distance from start of boattail, positive rearward

0] meridian angle about model axis, clockwise positive facing upstreamA, 00 at

top of model
APPARATUS AND PROCEDURE

Wind Tunnel

This investigation was conducted in the Langley 1/3-meter transonic cryogenic tun-
nel, a single-return, continuous-flow pressure tunnel. The test section is a regular octa-
gon in cross section (34.29 cm across the flats) with slots at the corners of the octagon;
it is essentially a model of the Langley 16-foot transonic tunnel test section. This facility
has the capability of operating at stagnation pressures from about 1 to 5 atm and at stag-
nation temperatures from about 78 K to 350 K over the tunnel's operating Mach number
range of about 0.05 to 1.30. The test medium for the cryogenic tunnel is nitrogen. Fur-
ther description of the Langley 1/3-meter transonic cryogenic tunnel can be found in ref-
erences 7 to 12.

Models and Support System

A generalized sketch of one of the boattailed cone-cylinder nacelle models used in
this investigation is shown in figure 1. Both models were 2.54 cm in diameter, which
resulted in a tunnel blockage of about 0.52 percent. A phbtograph of one of the models
installed in the tunnel is shown as figure 2. The two nacelle models of differing boattail
geometry measured 20.32 cm (8 model diameters) from the nose of the cone to the start
of the boattail (characteristic length). Details of the geometry of the two boattails are
shown in figure 3. The boattail geometries were (1) a circular-arc—conic with a ratio
of length to maximum diameter [/dy, (fineness ratio) of 0.96 and (2) a circular-arc with
a fineness ratio of 1.77.

Both models had provisions for mounting a 10.16-cm-span 600 delta wing (NACA
0003.9-65 airfoil) on top of the nacelles at 00 incidence in three positions (fig. 4). The



wing was mounted with its trailing edge at either 0.05, 0.55, or 1.05 model diameters
forward of the start of the boattail.

The models were both sting mounted, with the sting simulating the geometry of a
jet exhaust plume for a nozzle operating at its design point (ref. 3). The ratios of sting
diameter to maximum diameter were both 0.50. The length of the constant-diameter
portion of the sting was long enough to prevent any effects of the tunnel support sting flare
on the boattail pressure coefficients (based on ref. 13). The sum of the boattail and sting
lengths (before the flare) was also constant so that the noses of the two models were at
the same tunnel station.

The models were constructed of cast aluminum with stainless-steel pressure tubes
and stainless-steel sting cast as integral parts of the model. The pressure tubes and
sting were placed in a sand mold in the proper positions, the aluminum was poured, and
the model was machined to the proper contours.

Instrumentation and Tests

The two boattails were instrumented with 50 static-pressure orifices in 5 rows of
10 orifices each at the locations (¢ = 0°, 450, 135°, 1800, and 270°) given in table I.
These orifices were connected to two remotely located pressure scanning valves con-
taining 103.4-kPa pressure gages.

All tests were conducted at Mach numbers of about 0.60, 0.85, and 0.90 at an angle
of attack of 0°. The duplicate Reynolds numbers for this investigation were obtained by
utilizing the combinations of test conditions shown in the following table:

M R pt, q, Tt;
atm atm K

0.60 11.3 x 106 5.0 0.99 308

1.3 .26 117

.85 14.0 5.0 1.58 308

1.3 .41 117

.90 14.3 5.0 1.68 308

1.3 .44 117

The test procedure for using cryogenic temperatures involved running the tunnel with both
a constant inflow of liquid nitrogen that was vaporized and a constant outflow of gaseous
nitrogen so that the stagnation temperature remained constant. Data were not taken until
the tunnel wall temperature in the settling chamber had reached an equilibrium at essen-
tially the stagnation temperature. This insured that, for all practical purposes, there

was no heat transfer to the stream from either the tunnel walls or model. Boundary-layer
transition was natural for all tests.



DATA REDUCTION

Data were recorded on magnetic tape and a digital computer was used to compute
pressure coefficients and integrated pressure drag coefficients. Pressure drag coeffi-
cients were computed from the measured boattail pressures. These coefficients were
based on the maximum cross-sectional area of the model and were obtained from the
pressure data by assigning an area to each orifice and by computing the coefficients from
the equation:

(&)
(o)

1

Accuracy of this step integration scheme was spot checked by plotting the pressure coef-
ficients as a function of A/A;, and by integrating with a planimeter; comparisons were
excellent.

DISCUSSION

Distributions of the boattail static-pressure coefficients for the five rows of ori-
fices on the circular-arc—conic boattail at Mach numbers of 0.60 and 0.85 are shown in
figure 5 (rearward wing position), figure 6 (middle wing position), and figure 7 (forward
wing position). For the circular-arc boattail, distributions of the static-pressure coeffi-
cients are shown at Mach numbers of 0.60, 0.85, and 0.90 in figure 8 (rearward wing posi-
tion), figure 9 (middle wing position, no M = 0.90), and figure 10 (forward wing position).
The agreement between these distributions obtained at two different sets of test conditions
is excellent. In addition, it should be pointed out that the excellent-agreement also
occurred in regions of separated flow; this is indicated by the pressure recovery levels
near the base of the circular-arc—conic model. '

In addition to the static-pressure coefficients, the pressure drag coefficient obtained
for each set of test conditions is indicated at the top of each figure. (See figs. 5 to 10.)
For most of the 16 test conditions, the difference between the pressure drag coefficient
for the hot (ambient) and cold (cryogenic) temperature conditions was 0.0006 or less, with
the maximum difference being only 0.0018, which is considered excellent agreement. By
using a factor of 10 to convert to a more familiar type of airplane drag coefficient, most
of the differences were within approximately 1/2 count, with the maximum being within
2 counts. This agreement approaches the absolute limit achievable with normal wind-
tunnel data repeatability and pressure integration methods of obtaining drag.

For further information, it should be pointed out that, although boattail pressure
drag coefficients are not sensitive to Reynolds number (refs. 4 and 5), the distributions



of boattail static-pressure coefficients are significantly affected by Reynolds number
variations. From reference 5, the effect of Reynolds number on the boattail static-
pressure coefficients is shown in figures 11 and 12 for the circular-arc—conic boattail
and circular-arc boattail, respectively (with the wing in the rearward position). As can
be seen, there is a significant effect of Reynolds number on the pressure distributions.
As a result of these comparisons, the favorable comparisons between hot and cold data at
the same Reynolds number are further strengthened since, if the resulting flow at both
test conditions was not, in actuality, at the same Reynolds number, there would be an
effect on the boattail static-pressure coefficients.

CONCLUDING REMARKS

An investigation was conducted in the Langley 1/3-meter transonic cryogenic tunnel
to validate the use of cryogenic temperatures to achieve high Reynolds numbers in nozzle
boattail pressure testing. It was found that there are no measurable errors when using
cryogenic temperatures to achieve high Reynolds numbers for the type of measurements
investigated in this test.

Langley Research Center

National Aeronautics and Space Administration
Hampton, Va. 23665

June 25, 1976



10.

11.

12.

13.

REFERENCES

. Reubush, David E.: Effects of Fineness and Closure Ratios on Boattail Drag of

Circular-Arc Afterbody Models With Jet Exhaust at Mach Numbers Up to 1.30.
NASA TN D-7163, 1973.

. Reubush, David E.; and Runckel, Jack F.: Effect of Fineness Ratio on the Boattail

Drag of Circular-Arc Afterbodies Having Closure Ratios of 0.50 With Jet Exhaust
at Mach Numbers Up to 1.30. NASA TN D-7192, 1973.

. Reubush, David E.: Experimental Study of the Effectiveness of Cylindrical Plume

Simulators for Predicting Jet-On Boattail Drag at Mach Numbers Up to 1.30.
NASA TN D-7795, 1974.

. Reubush, David E.: The Effect of Reynolds Number on Boattail Drag. AIAA

Paper 75-63, Jan. 1975.

. Reubush, David E.: The Effect of Reynolds Number on the Boattail Drag of Two

Wing-Body Configurations. AIAA Paper No. 75-1294, Sept.-Oct. 1975.

. Goodyer, Michael J.; and Kilgore, Robert A.: High-Reynolds-Number Cryogenic

Wind Tunnel. AIAA J., vol. 11, no. 5, May 1973, pp. 613-619.

. Polhamus, E. C.; Kilgore, R. A.; Adcock, J. B.; and Ray, E. J.: The Langley Cryo-

genic High Reynolds Number Wind-Tunnel Program. Astronaut. & Aeronaut.,
vol. 12, no. 10, Oct. 1974, pp. 30-40.

. Kilgore, Robert A.; Goodyer, Michael J.; Adcock, Jerry B.; and Davenport, Edwin E.:

The Cryogenic Wind-Tunnel Concept for High Reynolds Number Testing. NASA
TN D-7762, 1974.

. Kilgore, Robert A.; Adcock, Jerry B.; and Ray, Edward J.: Simulation of Flight Test

Conditions in the Langley Pilot Transonic Cryogenic Tunnel. NASA TN D-7811,
1974.

Ray, E. J.; Kilgore, R. A.; Adcock, J. B.; and Davenport, E. E.: Analysis of Valida-
tion Tests of the Langley Pilot Transonic Cryogenic Tunnel. NASA TN D-7828,
1975.

Adcock, Jerry B.; Kilgore, Robert A.; and Ray, Edward J.: Cryogenic Nitrogen as a
Transonic Wind-Tunnel Test Gas. AIAA Paper 75-143, Jan. 1975. '

Hall, Robert M.: Preliminary Study of the Minimum Temperatures for Valid Testing
in a Cryogenic Wind Tunnel. NASA TM X-72700, 1975.

Cahn, Maurice S.: An Experimental Investigation of Sting-Support Effects on Drag
and a Comparison With Jet Effects at Transonic Speeds. NACA Rep. 1353, 1958.
(Supersedes NACA RM L56F18a.)



L189°T £769°'T 0%89°1 £€89°T $L89°T v9L8° 9988" 6288" 8068 1888
69GG°T 60951 L6SS'T £66G°T 629S°T £68L° v68L° pL6L' 786L° Le8L”
0ST¥°T 1L2H'T 61271 050%°1 802%°'1 £889° 6689° LgoL” vIoL” 9069°
66821 L682°T ev82°1 vLLT T c98%°'T 9686 G06g" 8265" 8865° 668¢"
GTHI'T LGPT'T 6T¥I°T L6ZT'T | LSPI'T 796" LE6Y” LTOG" 8967 016%
6786° 6£66° 6066 1986 G886 GoLe" £968° $50%" 1%0%" 188¢"
128" 1188 9LZ8" 14 0928’ 2682 1682 990¢" 9862" 0L87"
89%9° 86£9° 29g9’ 619" LGg9" €961 " LG8T" $502" Y012 9061"
199¢” 199¢" 009¢" 696¢" 619¢" GE60° 2860° 6201 9660° 0%60°
8000°0- L000°0 6000°0- | £G00°0- | 9100°0- | 9100°0- 6200°0 £500°0 26000 | £¥00°0-
o0LZ =@ | 008T =@ | oGET =@ | 0Gh = ¢ | 00 =@ | 00LE =@ | 0081 =@ | oS8T =@ | oG =@ | 00 = @
— 7B [1B}1BO( 2JB-JB[NOIID — 1% [18}180Q 21U0D —JIB-JB[NOILD
— a0y Wp/x

SNOLLVDOT ADIATHO THNSSHUJ-DOILV.LS TIVLLVOd -1 HTdV.L




0050

“(Wwo $G°g) I919WRIP WNWIXEW [spowr Aq
*[9POUW JI[IOBU JSPUITAD-9UOD JO Y0398 -1 9aIn31g

PAZITRUOISUSWIPUOU 3I€ SUOISUSWIP [V

91°0 L — 82

291

0.9

0078



10

g

Figure 2.- Nacelle model installed in cryogenic tunnel.
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Figure 5.- Distributions of boattail static-pressure coefficients
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Figure 9.- Concluded.
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